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out, disrupting neural processing in the
left primary motor area did not pro-
duce the same effects that they had
observed in their earlier experiment.
In other words, the functional reorgani-
zation of the right PMd as well as in
other brain areas was an anatomically
specificconsequenceof havingdisrup-
ted neural processing in the left PMd.
In a final experiment, O’Shea and
colleagues sought to establishwhether
or not interfering with neural process-
ing in the right PMdafter the volunteers
had recovered from the effects of dis-
rupting the function of the left PMd
would restore the deficit in the action-
selection task. As predicted, they
found that delivering TMS to the right
PMd by itself did not disrupt action
selection, but doing exactly the same
thing after first disrupting the left PMd
did result in deficits in action selection.
Thus, the observed compensation in
performance following TMS-induced
disruption of neural processing in the
left PMd depended critically on intact
neural processing in the right PMd.
Taken together, the evidence from
this series of experiments provides
clear and unequivocal evidence that
a network of cortical areas can ‘‘stand
in’’ for another brain region, in this
case the left PMd, when its function is
disrupted. Moreover, these compen-
satory changes in the brain are not
just functionally specific; they are ana-
tomically specific as well. In addition,
the results converge nicely on previous
work suggesting that thePMd,which is
often more active in the intact hemi-
sphere when stroke patients perform
movements with their affected arm
after a period of recovery, reflects an
adaptive process in the recovery of
motor function after stroke (Johansen-
Berg et al., 2002; Lotze et al., 2006).
O’Shea and colleagues speculate
that the anatomical route by which
the intact PMd could exert control
over ipsilateral hand and finger move-
ments (where the control is normally
‘‘crossed’’) is via interhemispheric
connections. In support of this view,
Chouinard et al. (2006) have demon-
strated changes in the strength of
interhemispheric connections be-
tween the primary motor cortex in the
two hemispheres in stroke patients af-
ter rehabilitative therapy. O’Shea and
colleagues’ findings also help to ex-
plain why patientswho have recovered
well from one stroke and then suffer
a second stroke in the opposite hemi-
sphere not only have a new set of defi-
cits but also have a reappearance of
the original deficits caused by the first
stroke (Fisher, 1992; Lee and van
Donkelaar, 1995).
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Centrally released oxytocin regulates maternal behavior, social memory, and social bonding. A
recent paper by Jin et al. published in Nature demonstrates that the transmembrane receptor
CD38 plays a critical role in regulating social behaviors by regulating the release of OT from hypotha-
lamic neurons.‘‘How do I love thee? Let me count the
ways.’’ Long a question posed by ro-
mantics and poets, neuroscientists are
now enumerating the molecular path-
ways and neural circuits underlyingcomplex emotional states such as
love, lust, and fear. The neuropeptide
oxytocin (OT), often touted in the pop-
ular press as the ‘‘hormone of love’’
and ‘‘trust,’’ has been singled out asNeuron 5a key modulator of affiliative behaviors
and social cognition, including mater-
nal nurturing, social memory, and so-
cial bonding. While its role in romantic
love in our own species is far from4, May 3, 2007 ª2007 Elsevier Inc. 353
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Previewsconvincing, several studies suggest
that OT may indeed regulate social
cognition and perception, social buff-
ering, and trust in humans. Now a re-
cent report in Nature by Jin et al. re-
veals an unlikely new player in the
molecular cast regulating the social
brain (Jin et al., 2007). A transmem-
brane receptor with catalytic activity,
CD38 is best known for its role in trig-
gering proliferation and immune re-
sponses in lymphocytes (Deaglio
et al., 2006). This new study suggests
that CD38 also plays a critical role in
regulating social behaviors by stimu-
lating OT release from hypothalamic
neurons. This finding take us one
step deeper into the signaling cas-
cades regulating complex social be-
havior and has important implications
for human social cognition and psychi-
atric disorders characterized by social
deficits.
Synthesized in magnocellular hypo-
thalamic neurons, OT is released from
axon terminals in the posterior pituitary
into the bloodstream where it stimu-
lates uterine contractions during labor
and milk ejection during lactation (Bur-
bach et al., 2006). However, it is the
centrally released OT that has a re-
markable influence on a variety of so-
cial behaviors. The first studies linking
OT and social behavior demonstrated
that centrally infused OT initiates
maternal responses in otherwise non-
maternal virgin rats (Pedersen and
Prange, 1979). Rats are promiscuously
maternal and will nurture any pup that
ventures in its nest. By contrast, pre-
cocial ungulates living in herds, e.g.,
sheep, must selectively nurse their
own offspring, and reject all others.
OT released within the brain at parturi-
tion appears to be responsible for the
ewe selectively bonding with its own
lamb. Central infusions of OT stimulate
nonparturient ewes to rapidly bond
with a foreign lamb, after which they
reject all other lambs (Broad et al.,
2006). In addition to its role in maternal
nurturing and the mother-infant bond,
OT has a cupid’s arrow-like effect in
socially monogamous prairie voles.
Mating facilitates life-long pair bonds
between male and female prairie
voles. However, a single injection of
OT mimics the effects of mating, in-354 Neuron 54, May 3, 2007 ª2007 Elsestantly bonding the female to the near-
est male suitor. This form of attach-
ment is mediated by an interaction of
the OT and dopamine receptor sys-
tems in the nucleus accumbens, part
of the brain’s reward circuitry (Young
and Wang, 2004). Females of nonmo-
nogamous vole species are eternally
single mothers, presumably because
they lack OT receptors in their nucleus
accumbens.
Despite these seemingly specific
effects on parenting and bonding, it is
now clear that OT has a broader role
in social information processing. Mice
lacking the OT gene, for example,
have social amnesia. Remarkably,
these same mice easily recognize
familiar nonsocial stimuli and perform
normally in nonsocial cognitive tasks.
A single infusion of OT into the medial
amygdala prior to, but not after, an ini-
tial encounter restores social recog-
nition (Ferguson et al., 2001). These
data suggest that OT plays a selective
role in the neural processing of social
signals.
Such exquisite regulation of social
behavior in the appropriate physiolog-
ical and social context must require
tight regulation of OT release. While
the control of OT secretion from the
pituitary has been well studied, the
mechanisms underlying central re-
lease are far from understood. Central
and peripheral release of OT are inde-
pendently regulated, but both involve
mobilization of intracellular Ca+ stores
(Ludwig and Leng, 2006). Peripheral
OT release fromaxon terminals is stim-
ulated bymembrane depolarization in-
duced by action potentials evoked by
physiological stimuli such as nipple
stimulation (Burbach et al., 2006). By
contrast, dendritic release of OT can
be independent of depolarization
(Ludwig and Leng, 2006). Positioned
in the plasma membrane of hypotha-
lamic neurons, CD38 catalyzes the
synthesis of cyclicADP-ribose (cADPR)
andnicotinic acid adeninedinucleotide
phosphate (NAADP) from NAD+ and
NAD phosphate (Deaglio et al., 2006).
Both cADPR and NAADP act as sec-
ond messengers to mobilize intracel-
lular Ca+ stores from endoplasmic
reticulum. Thus, Jin and colleagues
surmised that CD38 may play a role invier Inc.OT release and explored this possibil-
ity using CD38/mice.
Indeed, plasma and cerebrospinal
fluid (CSF) concentrations of OT were
reduced, although not eliminated, in
CD38/ mice compared to controls.
Importantly, vasopressin, a related
neuropeptide produced in separate
hypothalamic magnocellular neurons
and also released from the pituitary,
was not altered. By contrast, hypotha-
lamic and pituitary stores of OT were
elevated in the mutants. Neurohypo-
physial axon terminals showed an ac-
cumulation of OT-containing dense-
core vesicles in the mutants, indicative
of decreased secretory activity. To
demonstrate that the decrease in OT
secretion was due to the absence of
CD38, Jin et al. showed that a ventri-
cular infusion of a lentiviral vector
expressing the human CD38 restored
plasma OT concentrations to that of
controls. Interestingly, the majority of
transfected neurons were periventric-
ular and not OT neurons, suggesting
that CD38 can likely affect OT secre-
tion from a distance. In fact, CD38 is
not particularly abundant on OT neu-
rons in wild-type mice but is mostly
found on adjacent hypothalamic neu-
rons. cADPR content in the hypothala-
mus and pituitary was reduced in
CD38/ mice, and cADPR treatment
of potassium depolarized CD38/
terminals resulted in normalized OT
secretion, suggesting that CD38 regu-
lates OT secretion through the synthe-
sis of cADPR (Figure 1).
Remarkably, the behavioral pheno-
type of the CD38/mice nicely paral-
leled that of mice with compromised
OT systems. Maternal behavior was
disrupted in mutant mothers. How-
ever, weight gain in the pups was iden-
tical in knockouts and wild-types, indi-
cating no disruption of lactation. These
findings are surprising since CSF OT
concentrations were reduced by only
30% in CD38/ mice and OT knock-
out mice display only modest alter-
ations in maternal behavior, but a total
disruption of lactation (Nishimori et al.,
1996). This observation raises the
possibility that CD38 influences other
systems that contribute to parenting
behavior. The recovery of maternal
responsiveness with a peripheral
Neuron
PreviewsFigure 1. Schematic Illustrating the Proposed Role of CD38 in Regulating Oxytocin
Release and Social Behaviorinjection of OT is also surprising given
the impermeability of the blood-brain
barrier to OT. Nevertheless, the au-
thors observed an increase in CSF
OT following the peripheral injection.
CD38/ mice also displayed social
amnesia. Social memory in mice is as-
sessed by quantifying olfactory inves-
tigation time after repeated exposure
to the same stimulus mouse. Wild-
type mice will habituate to the same
stimulus mouse as indicated by a
reduction in olfactory investigation.
CD38/mutant mice failed to habitu-
ate after four exposures with a 10 min
intertrial interval, despite having nor-
mal olfactory-guided foraging and ha-
bituation to a nonsocial olfactory stim-
ulus. These deficits are remarkably
similar to those reported in OT knock-
out mice. The social amnesia was re-
versed by ventricular lentiviral CD38
transfection and by peripheral OT
administration.
This report convincingly demon-
strates that CD38 has a role in regulat-
ing social behavior by regulating OT
secretion, but there are several unre-
solved questions. First, is CD38 local-
ized on the plasma membrane of an
OT neuron the primary mediator of
OT release from that neuron, or iscADPR synthesized by CD38 on
nearby neurons acting in a paracrine
fashion? The lentiviral transfection,
which rescued the deficits in OT se-
cretion and behavior, was primarily
restricted to periventricular neurons
and was not convincingly demon-
strated in OT neurons. This suggests
that CD38-catalyzed cADPR may act
in a paracrine fashion. In contrast,
cADPR was only effective at stimulat-
ing OT release in CD38/ terminals
when the tissue was permeabilized
by digitonin, suggesting that CD38
may serve as a transporter to internal-
ize cADPR, and thus is required to be
present on the plasma membrane of
the OT neuron.
Another important question is
whether the disruption in maternal be-
havior is due solely to decreased OT
secretion, or does CD38 regulate the
secretion of other factors that contrib-
ute to parental responsiveness. Nei-
ther dopamine nor vasopressin se-
cretion was altered in the mutants,
suggesting at least some degree of
selectivity. However, given the role of
cADPR in mobilizing Ca+ stores, it is
likely that other transmitter or peptide
systems are altered in the mutants as
well. Complete oblation of the OTNeurongene results in a modest reduction in-
maternal care and a complete dis-
ruption of lactation (Nishimori et al.,
1996). By contrast, CD38/ mice had
only a 30% reduction in CSF OT and
a 50% reduction in plasma OT, but
a robust defect in maternal respon-
siveness with no apparent effect on
lactation. This suggests multiple sys-
tems contributing tomaternal behavior
may have been compromised in the
mutants.
Finally, it will be important to deter-
mine whether modulation of CD38
activity contributes to the dynamic
regulation of OT secretion or whether
it is simply permissive. That is, does
CD38 activity increase in the appropri-
ate physiological or social context to
facilitate central OT release, or is tem-
poral control of OT release primarily
driven by other, as of yet undiscov-
ered, mechanisms?
It is intriguing to consider the
broader implications of this study in
light of several recent translational
studies implicating OT in the modula-
tion of human social cognition and
brain function. An internet search for
‘‘oxytocin’’ will quickly lead to sites
marketing OT as ‘‘Trust in a Bottle.’’
While investing in this product will un-
doubtedly lead to disappointment,
the claim does have a scientific foun-
dation. Using an economics trust
game, Kosfeld and colleagues found
that an intranasal OT spray increased
trust, or the willingness to accept risks
in a social situation (Kosfeld et al.,
2005). Intranasal OT reduces amyg-
dala activity in response to fear-induc-
ing visual stimuli, whichmay explain its
trust-promoting effects (Kirsch et al.,
2005). Another recent study found
that the same spray improved ‘‘mind
reading’’ abilities, or the ability to infer
the internal state of others based on
subtle affective facial expression
(Domes et al., 2007). In light of the Jin
et al., report, it is plausible that individ-
ual variation in CD38 activity may con-
tribute to variation in social cognition
in humans. Studies in nonhuman pri-
mates suggest that early-life social ex-
periences can have a profound and
persistent effect on CSF OT secretion
(Winslow et al., 2003). For example,
rhesus monkeys raised by humans in54, May 3, 2007 ª2007 Elsevier Inc. 355
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Previewsa nursery have severely disrupted so-
cial behavior and a 50% decrease in
CSF OT compared to mother-reared
monkeys. Might early-life adversity
alter later-life CD38 activity?
What other neurotransmitter/neuro-
modulator systems are regulated by
CD38? Does CD38 dynamically regu-
late OT release in a context-specific
manner? Are the effects of early-life
adverse experience on adult social be-
havior OT secretion mediated by alter-
ations in CD38 actvitity? And finally,
might variation in the gene encoding
CD38 contribute to variation in social
personality or even disorders of social
behavior such as social phobias,
schizophrenia, or autism? These are
all important new questions that de-
serve exploration, as their answers
will provide a deeper understanding356 Neuron 54, May 3, 2007 ª2007 Elsevof the molecular regulation of the
social brain.
REFERENCES
Broad, K.D., Curley, J.P., and Keverne, E.B.
(2006). Philos. Trans. R. Soc. Lond. B Biol.
Sci. 361, 2199–2214.
Burbach, P., Young, L.J., and Russell, J.
(2006). In Knobil and Neill’s Physiology of Re-
production, J.D. Neill, ed. (New York: Elsevier),
pp. 3055–3127.
Deaglio, S., Vaisitti, T., Aydin, S., Ferrero, E.,
andMalavasi, F. (2006). Blood 108, 1135–1144.
Domes, G., Heinrichs, M., Michel, A., Berger,
C., and Herpertz, S.C. (2007). Biol. Psychiatry
61, 731–733.
Ferguson, J.N., Aldag, J.M., Insel, T.R., and
Young, L.J. (2001). J. Neurosci. 21, 8278–
8285.
Jin, D., Liu, H.X., Hirai, H., Torashima, T.,
Nagai, T., Lopatina, O., Shnayder, N.A.,ier Inc.Yamada, K., Noda, M., Seike, T., et al. (2007).
Nature 446, 41–45.
Kirsch, P., Esslinger, C., Chen, Q., Mier, D., Lis,
S., Siddhanti, S., Gruppe, H., Mattay, V.S.,
Gallhofer, B., and Meyer-Lindenberg, A.
(2005). J. Neurosci. 25, 11489–11493.
Kosfeld, M., Heinrichs, M., Zak, P.J., Fisch-
bacher, U., and Fehr, E. (2005). Nature 435,
673–676.
Ludwig, M., and Leng, G. (2006). Nat. Rev.
Neurosci. 7, 126–136.
Nishimori, K., Young, L.J., Guo, Q., Wang, Z.,
Insel, T.R., and Matzuk, M.M. (1996). Proc.
Natl. Acad. Sci. USA 93, 11699–11704.
Pedersen, C.A., and Prange, A.J., Jr. (1979).
Proc. Natl. Acad. Sci. USA 76, 6661–
6665.
Winslow, J.T., Noble, P.L., Lyons, C.K., Sterk,
S.M., and Insel, T.R. (2003). Neuropsychophar-
macology 28, 910–918.
Young, L.J., and Wang, Z. (2004). Nat. Neuro-
sci. 7, 1048–1054.
